From the form of Y (D) it is in general obvious that a stationary value of H can only arise when an X function is involved, and clearly this must be the function T. This implies, as would be expected, that the greatest values of H correspond to curves which lie partly to one side and partly to the other side of the longitudinal axis. A particular value of H 3 will give the maximum unless the aperture is very narrow, when we should expect to substitute a particular value of H 7.
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The C o n stitution and F o rm atio n o f Bleaching Pow der By C. W. B u n n , L. M. C l a r k , and I. L. C liffo rd ( Communicated by W. L. Bragg, F.R.S.-Received December 28, 1934) [Plates 1-3]
I-Intro d u c t io n
" Bleaching powder " is made by the action of chlorine gas on calcium hydroxide, the reaction being essentially: 2Ca(OH)2 + 2 0 2 -> Ca(OCl)2 + CaCl2 + 2H aO.
The constitution of the solid formed in this way has been the subject of investigation and speculation for many years, since its properties are not those to be expected of a mixture formed according to the above equation. In the first place, the reaction represented by the above equation never goes to completion; commercial bleaching powder usually contains 15-25% of calcium hydroxide and only about 35% chlorine available for oxidation; while even under special laboratory conditions it is extremely difficult to reduce the calcium hydroxide content below 5%. Secondly, the physical properties of bleaching powder are not those of a simple mixture of calcium hypochlorite, calcium chloride and unreacted calcium hydroxide; for instance, ordinary bleaching powder is not markedly deliquescent, and therefore does not contain free calcium chloride.
In the account which follows, no attempt is made to summarize the whole of the previously published work; references are given only to publications which appear to have immediate connection with the issues raised here.
In order to account for the properties of bleaching powder, various double salt constitutions have been proposed; many of these can be dismissed at once since they cannot account for the high available chlorine content, about 45%, or the low free-lime content, about 2%, of certain bleaching powders which we have obtained by the chlorination of highly reactive lime under the correct conditions. Odling* postulated the existence of a salt Ca(OCl)Cl, and Krautf suggested the existence of the double salt CaCl2 . Ca(OCl)2. Odling considered that chlorine combined with free water to form hydrochloric and hypochlorous acids and that one molecule of each of these united with one molecule of calcium hydroxide. BolleyJ suggested that the unattacked calcium hydroxide represented the cores of the granules which escaped chlorina tion by being encrusted with bleaching powder. Ditz § considered that bleaching powder was not a homogeneous chemical individual, but rather a mixture formed by a series of reactions, each giving rise to a compound which subsequently decomposed. Winteler|| considered that water played the part of a catalyst, and that the chlorine water formed hydro lysed to hydrochloric and hypochlorous acids which then reacted with the calcium hydroxide, so that the final product might contain a mixture of several basic and double salts of the types: /OH /OH /C l OCl /C l Ca C a' Ca( Ca7 and Ca( . OCl \C1 \O C l x OCl \ c i
Neumann^ showed that bleaching powder can be made to decompose giving 5 mols of calcium chloride to 1 mol of calcium chlorate, and he considered that this proved the correctness of Odling's formula. He * * * §
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stated that only three-quarters of the calcium hydroxide can be chlorinated owing to the formation of a basic calcium chloro hypochlorite /OC1 (3 C < . CaCOH)^, \ c i and that the maximum available chlorine content is further limited by hydrate formation. He produced data for the vapour tensions of these hydrates, and put forward a theory embodying successive reactions to explain the formation of bleaching powder.* The vapour tension curves could equally well be produced, however, by a mixture of substances provided that at least one of these formed hydrates; they afford no proof of the constitution of bleaching powder. Within certain limited con centration ranges, the pressure-temperature curves would be fixed, but outside these ranges the curves would change steadily with composition. This effect can be considered by application of the principles laid down by the phase rule and in no way proves the existence of only one phase. U ranof produced evidence that the displacement of chlorine from bleaching powder by carbon dioxide does not prove the correctness of Odling's formula, and that the same behaviour would be expected for Odling's compound as for any mixture of calcium chloride and calcium hypochlorite. He also studied the system CaCl2-Ca(OCl)2-H aO and gave evidence for the existence of an ill-defined double salt, Ca(OCl)Cl. 4H 20 , or CaCl2 . Ca(OCl)2 . 8HaO, at temperatures below 48° C. From this he produced a theory of the formation and constitution of bleaching powder, disregarding basic salt formation.
In opposition to the view of Urano, O'Connor $ had previously studied parts of the system CaCl2-Ca(OCl)2-Ca(OH)2-H aO at 0° C, and had found no evidence of the existence of a double salt of calcium chloride and hypochlorite.
Tiesenholt § believed that bleaching powder was a mixture of calcium chloride and calcium hypochlorite, principally, he asserted, because on being shaken up with carbon tetrachloride, it yields two powders different in density, and containing different percentages of available chlorine. When bleaching powder is shaken with a large amount of water, a bulky precipitate of calcium hydroxide is formed, similar to that formed when * * * § basic calcium chloride is decomposed by water, and Winteler* considered that this proved the presence of basic calcium chloride in bleaching powder.
More recently, Ochif showed by microscopic examination that fresh bleaching powder appeared to consist mainly of isotropic masses, but that on keeping fine crystals appeared. The nature of the crystalline phase depended on the water content, the conditions of manufacture, and the nature of the raw materials. Bleaching powder produced below 55° C had a well-defined crystalline form, and was readily moistened by water, whereas that produced above 55° C contained a large amount of non-crystalline material, and was not readily moistened by water.
Ochi's observation that there are two phases in bleaching powder reduces the value of efforts to represent it by a simple formula.
It is clear from a study of the literature that the evidence so far adduced cannot be considered to prove the presence of any well-defined salt in bleaching powder. Moreover, it gives no indication of the condition in which the residual lime is present. It is also clear that no further advance towards defining the constitution of bleaching powder is likely unless a new technique is applied, since the older methods of examination, depend ent on such properties as solubility, vapour pressure, mode of chemical decomposition with heat or acids of the carbonic and hydrochloric type, have been used over a considerable period of time, and no great amount of success has been attained.
In the present work the problem has been attacked by phase rule studies, by a more extended microscopic examination than that of Ochi, and also by the use of X-ray powder photographs. As a result of the phase rule work, all the pure compounds which could be isolated under equilibrium conditions from the system CaO . CaCl2 . Ca(OCl)2 . H aO below 40° C have been defined, and used as a basis for comparison with the solid phases present in bleaching powder, by means of microscopic and X-ray methods.
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II-Experimental Treatment
(1) Phase Rule Work-SchreinemakersJ has shown that any two solid substances will always yield a characteristic solubility diagram of a given type for every possible liquid used as solvent, provided that the liquid used does not form compounds with either of them under the conditions employed. Freeth* has pointed out that an indication of the nature of equilibrium conditions in a two-component system, where both components are solids, can be most readily obtained by the addition of a third component and a study of isotherms in the three-component system. This method of analysis can be applied only when no compound formation takes place between the third component and either of those in the original two-component system.
The nature of bleaching powder is too complex to yield to this com paratively simple treatment. The role of the water present would be obscure in the presence of any other solvent, and when water is used as solvent, hydrates and basic salt hydrates occur. Furthermore, it cannot be assumed that the normal condition of bleaching powder represents stable equilibrium.
Nevertheless a phase rule study of the system CaO-CaCl2-Ca(OCl)2-H 20 has been carried out, to serve in the isolation of solid phases for microscopic and X-ray work. Schreinemakers'sf solution and " rest" method has been adopted and several isotherms covering the range 20-40°C have been completed to avoid missing any possible compounds. Microscopic technique has been used to determine the number of solid phases present in the equilibrium mixtures and to identify them. Analyses of liquid and wet solid fixed the composition of each solid phase identified when only one solid phase was present.
(2) Microscopic Examination-The usual methods of identification of transparent solids under the microscope, such as those of Larsen and Berman,$ were used. Slides of the samples immersed in various liquid media of different refractive indices wei e examined in ordinary transmitted light and also between crossed nicols. By these means the refractive indices and other optical properties of the crystals were determined as far as possible. The liquids used were mixtures of para-cymene («, 1 -490) and a-bromnaphthalene (n, 1*658), or of a-bromnaphthalene and methylene iodide («, 1 *740). All the solids encountered in this work have been examined in this way.
(3) X-Ray Powder Photographs-The Hull-Debye-Scherrer method was used to take powder photographs of all the solid phases isolated in the phase rule work on the aqueous system as well as those of commerical samples of calcium hypochlorite, of calcium chloride and all its hydrates, and of a number of commercial and laboratory-prepared samples 01 bleaching powder. The solids were contained in thin-walled Lindemann glass tubes, 0-5 mm in diameter; they were usually tapped into the tubes in a dry atmosphere to avoid decomposition, or mixed with a dilute solution of Canada balsam in dry xylene, when the magma was introduced into the tubes by capillary action. The tube containing the sample was placed in the centre of a circular camera 9 cm in diameter; the diaphragms defining the X-ray beam were 0*5 X 1*0 mm rectangles. Copper radiation, filtered with nickel foil to remove the (3 component, was used. The X-ray apparatus was the Metropolitan-Vickers demountable set, and was run at 60 kV, 20 mA. Under these conditions, using AgfaLaue X-ray film, an exposure of about \ \ hours was required.
It was demonstrated by analysis that no decomposition of bleaching powder took place when tubes containing the material were exposed to X-radiation for several hours. Owing to the obvious difficulties of collecting samples from tubes of 0-5 mm diameter, bleaching powders were compressed into pillars 1 mm diameter X 10 mm long; some of these pillars were analysed, others were exposed to X-rays under the same conditions as were used for the photographs, and a third set was allowed to stand in a desiccator for a period of time equal to the exposure in the X-ray camera. Analysis showed that slight drying took place with the second and third sets, but that no decomposition occurred.
Ill-Experimental (1) Isolation of Reference Material by Phase Rule Methods
The Optical Constants o f the Phases Obtained-The solid phases which exist in equilibrium with aqueous solutions in the system CaO-CaCl2-Ca(OCl)2-H aO between 25-40° C are those given in Table I .
These compounds have been prepared as well-defined crystalline phases. Photomicrographs of five of the seven substances are given in fig. 1 , Plate 1, those of the commonly occurring compounds, calcium hydroxide and calcium chloride hexahydrate, being omitted. The uniformity of the photographs demonstrates that pure solid phases were obtained. The most difficult substance to remove was calcium hydroxide which tended to persist as very small particles which could be identified microscopically.
The only phase which was definitely not obtained in a pure condition was the lath-shaped basic calcium hypochlorite, the composition of which is discussed below. No evidence whatever has been obtained for the existence of compound formation between calcium chloride and calcium hypochlorite in the presence of aqueous solutions in the temperature range investigated. These observations agree with those of O'Connor,* whilst failing to confirm the findings of Urano.f Two points should be noted in connection with the compounds shown in Table I . It is difficult to ascertain accurately the exact number of molecules of water of crystallization in the normal hypochlorite. The possible range from the analytical data is Ca(OCl)2 2 *5-3 *5 H 20 , and the mid-way value of 3H20 has been selected provisionally. Further, the composition of the lath-like basic hypochlorite, given in the table as 3Ca(OCl)2. 2Ca(OH)2. 2HsO, is slightly uncertain owing to the difficulty of obtaining crystals of this nature free from large amounts of mother liquor, and from small amounts of other phases, chiefly lime or the hexagonal plates of basic calcium hypochlorite Ca(OCl)2 . 2Ca(OH)2
There is, moreover, the possibility of mixed crystal formation in small degree in this substance, but the evidence obtained was insufficient to give proof of this on phase rule grounds alone. The small variations in refractive indices of different samples of this phase shown in the above table do, however, suggest a small variation in composition such as would result from mixed crystal formation.
So far only the phases isolated from the system CaO-CaCl2-Ca(OCl)2-H aO between 25-40° C have been described, but in addition it is considered advisable to discuss the properties of other substances which might reasonably be expected to be present in bleaching powder.
Amongst such compounds are the lower hydrates of calcium chloride, anhydrous calcium chloride and calcium hypochlorite. The habit and refractive indices of these substances are shown in Table II .
The refractive indices of anhydrous calcium chloride are those given by Larsen and Berman. $ The others have been determined in the present work. One other hydrate of calcium chloride is known to exist; this is calcium chloride monohydrate which has not been prepared in suitable form for microscopic examination.
It has not been possible to prepare pure samples of anhydrous calcium hypochlorite owing to the difficulty of washing the plates of calcium hypochlorite free from mother liquor; the commercial specimens examined C'Maxochlor " and " Perchloron ") are the best which have been * ' J. Chem. Soc.,' p. 2700 (1927) . t ' World Eng. Cong. Tokyo ' (1929), vol. 31, p. 171; ' Trans. Amer. Electro-Chem. Soc.,' p. 65 (1926) .
t ' U.S. Geol. Survey ' Bull. No. 848, 2nd ed. (1934) .
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encountered. In each of these, the principal constituent consists of strongly birefringent particles, in shape either irregular or in the form of flat plates which are often aggregated; many particles appear to be acicular, but some of these at any rate are simply plates seen edgewise. The crystals in these samples do not give good extinction between crossed nicols. The extinction position often varies gradually from one part of a crystal to another, indicating distortion or variation of composition or both. Moreover, the impression of a variation in the refractive indices from crystal to crystal was obtained, but it is difficult to be certain of this, since there is no surety that the orientation of a particular crystal is such as to give the true value of the refractive index which is under investigation. The (3 refractive indices approach the a indices in value, and may actually be equal to them, when the crystals would be uniaxial positive, like those of Ca(OCl)2 . 3HaO ; if they are uniaxial, then the ordinary refractive index certainly varies in different crystals, but if they are biaxial it is not possible to be certain whether a and [3 vary or not. However this may be, there is a similarity in optical character between the compounds, Ca(OCl)2 . 2Ca(OH)2, Ca(OCl)2 . 3HaO, and these impure calcium hypochlorite samples; the latter have higher refractive indices and a stronger birefringence than the tri-hydrate, thus conforming with usual experience in a range of hydrates. The strong birefringence and optically positive character of these substances is due to the OC1 groups which are optically positive on account of their diatomic nature; the OC1 groups must always be approximately per pendicular to the plane of the crystal plate. The difference between the refractive indices of the two types of commercial hypochlorite shows that they are either different compounds, or more probably different repre-sentatives of a mixed crystal series in which the nature of the constituent other than calcium hypochlorite is uncertain. The distortion of the crystals certainly suggests the latter explanation. Analyses, given in Table III, 
T able II
Refractive indices Habit -----------* ■ ------------^
2-35 2-30 2-35
It has been shown by X-ray powder photographs later) that these samples contain a certain proportion of the basic calcium chloride, CaCl2. Ca(OH)2. H 20 . This accounts for probably 10% of the impurities, judging by the intensity of this spectrum. Consequently, the refractive indices given above are those of a substance containing 80-90% of calcium hypochlorite.
Molecular Refraction-The densities of some of the substances studied have been measured, and this makes it possible to calculate the molecular refractivities from the Lorenz-Lorentz formula
where M is molecular weight, p density, and n refractive index. The densities were found by suspending the crystals in liquids of varying densities; the values are not very accurate, but sufficiently so for the present purpose.
Two points of interest arise. The first is that the refractive indices of the basic chloride CaCl2 . Ca(OH)2. H sO are remarkably high; in spite of the presence of water of crystallization, which usually reduces the refractive indices, the values are higher than those of either CaCl2 or Ca(OH)2. The density (2-25) is also higher than that of either CaCl2 (2 • 15) or Ca(OH)2 (2*24). The molecular refraction, calculated from the values p 2• 25, to 1 • 637, £ 1 • 634, is found to be 32-4, Re 32-3. These values are slightly higher than the sum of the ionic refractivities, 30-8.
(Wasastjerna's* figures for ionic refractivities have been used.) This difference is of the same order as that usually shown by hydroxides such as Ca(OH)2, Mg(OH)2, Mn(OH)2; the calculated molecular refractivities for these crystals exceed the values obtained by summing the ionic refractivities by about 2 units if the normal refractivity of oxygen (3-3) is used. This agreement provides a useful confirmation of the refractive index values of the crystals of CaCl2 . Ca(OH)2 . H aO. The high refractive indices and high density of these crystals indicate that the atoms are packed with great economy of space.
The second point of interest is that the refractivity of the hypochlorite ion OCl~ has not previously been determined; the data now available can be used to determine it. The results are shown in Table IV The densities of the first two substances are accurate values calculated from the unit cell dimensions, the molecular weight and the number of molecules per unit cell. R'^ and R 'e are the refractivities of the OCl~ ion, calculated by subtracting from Rtu and R6 the refractivities of the other constituents and halving the result; for this purpose I0H is taken to be 4-3, a value obtained by subtracting the refractivity of the calcium ion from the molecular refractivity of Ca(OH)2. It will be seen that the values of R 'w and R 'e for the three substances agree fairly well. This lends numerical support to the conclusion that in all three crystals the hypochlorite ions are all parallel to each other, with their axes perpendicular to the plane of the crystal plate. R 'M and R'{, the refractivities of the OC1-ion for light vibrating perpendicular and parallel to the axis, may be taken to be 8 -8 and 10-9 respectively. The difference between these figures, 2-1, represents the birefringence of the ion.
(2) Microscopic Work on the Formation and Constituents o f Bleaching P o w d e r, using the Optical Data o f the Phases Described in III (1) as References
In bleaching powder most of the particles are aggregates of very small crystals 1-5 jx in diameter. Certain difficulties arise from this fact. In order to measure the principal refractive indices of crystals, it is * ' Comm. Soc. Sci. Fenn. Phys. Math.,' vol. 1, p. 37 (1923).
necessary to observe the edges of single crystals which are suitably oriented, and which make true contact with the immersion liquids; in aggregates of very minute crystals it is often difficult to find such single crystals suitably placed and oriented to give the necessary information. Moreover, the possible error of refractive index measurements increases with decreasing particle size. For particles of the size with which the following work was done, the errors are never less than dz 0-005, whilst for the crystalline phases prepared from solution, the error is 0-002.
Method of Preparation o f the Bleaching Powder Specimens
ExaminedSamples taken at intervals during manufacture and samples prepared in the laboratory have been examined. In the preparation of laboratory bleaching powder the starting point was the purest grade of calcite obtainable commercially. The principal impurity was A120 3, 0-023%, whilst other impurities were each less than 0-005%. The calcite was sufficiently fine to pass through a 200 I.M.M. sieve.
This powder was decomposed by heating in platinum dishes in an electric furnace at 900° until complete decomposition resulted.
The calcium hydroxide used was prepared by slaking the lime thus obtained, until an amount of water sufficiently in excess of that necessary to make calcium hydroxide had been absorbed. The excess was usually about 4%.
Samples of this calcium hydroxide were spread in thin layers 1 mm thick on glass plates in a desiccator in an air thermostat at 30° C. The desiccator was evacuated, and pure chlorine gas admitted until the pressure was again atmospheric. In certain cases, the water vapour was allowed to adjust itself to equilibrium with the reaction mixture, when condensation of moisture on the desiccator from the sample indicated saturation at 30° C. In other cases the water vapour pressure was reduced by keeping anhydrous calcium chloride in the lower com partment of the desiccator. By this method, samples could be chlorinated under known conditions for any time required, e.g., 5 minutes to 2 days.
Data Obtained by Microscopic Examination o f the Phases in Bleaching
Powder-Slaked lime prepared in the manner indicated consists of extremely small crystals of calcium hydroxide aggregated together; the aggregates usually show birefringent specks and patches, but are sometimes apparently isotropic. This is doubtless due to the minute size of the crystals, as such material gives an X-ray spectrum indicating the true hexagonal nature of the substance. The apparent refractive index of the isotropic material is 1 -555. During chlorination, two quite different phases are formed, one apparently isotropic and the other strongly birefringent. If water is driven off during the reaction, the refractive index of the apparently isotropic phase rises gradually from the 1 • 555 of the original calcium hydroxide to a final value of 1-61-1*62. The strongly birefringent phase consists of minute plates which at first have a 1-52, (3 near a, y 1-59 (with y perpendicular to the plate), and these values remain constant for a time, but subsequently rise gradually to a 1-54, (3 near a, y 1-67. Values of a between 1 • 52 and 1 • 54, and of y between 1 • 59 and 1 • 67 have been observed in different samples. It is sometimes difficult to observe the refractive indices of these crystals, since they are often embedded in isotropic material.
If water is not removed during the reaction, two somewhat similar phases are formed. The apparently isotropic phase decreases in refractive index from the 1-555 of calcium hydroxide to 1-51-1-52. If some of the water is removed during reaction, the refractive index may stay approximately constant, or rise or fall to a considerable extent; many values ranging from 1-51 to 1-62 have been observed. Particles of refractive index 1-51 to 1-52 have a gelatinous appearance, and when slight pressure is applied to the coverglass over such material, the particles can be drawn out to sausage-shaped masses; this behaviour resembles that of gelatinous ferric hydroxide. If water is removed subsequent to the completion of the reaction, the refractive index always rises. The strongly birefringent particles do not usually appear to differ in refractive indices from those formed when water is removed during the reaction. In one isolated sample prepared in the laboratory and subsequently dried by passing a stream of dry chlorine over it, crystals with a 1 • 54, p near a, y 1-70 were observed. Highly chlorinated samples, with an available chlorine content greater than 35%, contain a third phase which has moderate birefringence; this third phase usually consists of calcium chloride tetrahydrate, CaCl2 . 4H aO, though the dihydrate does occa sionally occur.
When chlorination of calcium hydroxide is carried out in carbon tetrachloride suspension, the same phases are formed.
The identification of two phases, both of which have varying refractive indices, is not a simple m atter; moreover, the fact that one of them is apparently isotropic raises further complications. Since the isotropic particles are so small, it is not possible to be certain whether they are truly isotropic or whether they are weakly birefringent, but too thin to produce interference colours between crossed nicols. Again, an isotropic substance may be either crystalline (isometric system) or amorphous. Finally, isotropic particles which appear to be single may actually be aggregates of submicroscopic crystals of a number of different substances.
The direct correlation between the refractive index of the isotropic particles and the amount of water allowed to remain in the solid, indicates that water is one of the constituents in these particles. Attempts to separate the isotropic and birefringent particles by the use of heavy liquids failed, for the two constituents are nearly always associated together in aggregates. Some evidence was obtained by treating bleach ing powder with alcohols, which remove the whole of the available chlorine, leaving an isotropic phase containing only calcium chloride, calcium hydroxide, and water; this solid has a refractive index of 1 • 62, identical with the maximum value for the isotropic constituent of bleach ing powder. It may be noted that this value is a little lower than the refractive indices of the compound CaCl2 . Ca(OH)2 . H 20 (1-634, 1-637), which is so weakly birefringent that in particles of this size it would appear isotropic. It is therefore possible that the isotropic constituent is a complex of extremely small crystals of basic calcium chloride CaCl2. Ca(OH)2 . H 20 and water; in partly formed bleaching powders, calcium hydroxide may be present as well. The gelatinous appearance and behaviour of the isotropic material in wet bleaching powders suggests that it might be in part amorphous, though it is possible that a complex of extremely minute crystals and water might behave in this way.
The strongly birefringent crystals which are first formed, and whose properties remain constant for a time, have refractive indices, habit and optical orientation identical with those of the basic calcium hypochlorite, Ca(OCl)2. 2Ca(OH)2 within the limits of error. The subsequent gradual rise of indices suggests a mixed crystal range, and the final indices are close to those of the impure (80-90%) calcium hypochlorites obtained from commercial sources.
Summarizing the evidence put forward in this section, it is seen that bleaching powder consists of two phases, an apparently isotropic phase containing a basic calcium chloride and water, and a strongly birefrigent phase containing calcium hypochlorite. These appear to be the main constituents of the two phases, but in certain circumstances, crystals of calcium chloride di-or tetra-hydrate may be observed.
Chlorination of Comparatively Large Crystals of Calcium Hydroxide-
Interesting information has been obtained by chlorinating comparatively large well-formed crystals of calcium hydroxide which were grown by evaporating lime water in absence of carbon dioxide. The crystals were moistened and chlorinated at 30-40° C for a few hours. When the product was examined in a suitable medium between crossed nicols, it was seen that after a few hours' chlorination, the edges and faces of the crystals showed definite differences from the rest of the material. After chlorinating for 18 hours, this outer layer was more clearly visible, and could be distinguished as a separate birefringent, uniaxial positive layer surrounding the original uniaxial negative crystal, the two phases being strictly parallel with optic axes coinciding. The chlorination was carried further in an attem pt to obtain a reasonably thick layer of the new crystalline phase, but it was then found that the outer edge of the new layer itself was slowly converted to an isotropic phase, of which the refractive index changed between 1 • 52 and 1 • 62, so that each particle •could have three clearly distinguishable layers. The isotropic layer began to appear whilst the birefringent layer was still thin, after which the birefringent layer became gradually thinner. The formation of the isotropic outer layer was found to be accelerated by the presence of water, and when much water was present this layer became gelatinous, like the isotropic constituent of wet bleaching pow der; if left for some time, crystals o f calcium chloride tetrahydrate formed in it.
The formation of the outer layer was hindered somewhat by removal of water during chlorination.
The type of structure eventually exhibited was
Original crystal of Ca(OH)2 Crystalline layer Isotropic layer.
The optical properties of the phases concerned a re :-Ca(OH)2 <o 1*571; e 1 *543; uniaxial negative. First crystalline layer co 1-62; e 1*67; uniaxial positive. Second layer (isotropic): jx 1-50-1 *52 (damp); jx 1-61-1*62 (dry). The isotropic layer is similar in refractive index to the isotropic con stituent of bleaching powder formed under corresponding conditions. But the birefringent layer has refractive indices higher than those of the birefringent phase in bleaching powder, which are initially, a 1 • 52, Y 1*59, and finally a 1 • 54, y 1 * 67.
It was therefore desirable to separate the birefrigent layer from the other two phases and analyse it. This problem was surmounted in the following way. Samples of partially chlorinated calcium hydroxide
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were prepared at 30° C in which the required layer was of reasonable thickness and only slightly contaminated with the isotropic phase. The layer was presumed to contain calcium hypochlorite, chloride, and possibly hydroxide. A saturated aqueous solution of crystalline calcium hydroxide was used to dissolve the calcium hypochlorite and chloride; any combined calcium hydroxide, but not the core of unattacked calcium hydroxide, was left in suspension as a dispersion of fine particles which were very much smaller than the residual cores of unattacked calcium hydroxide. When this suspension was shaken and allowed to stand for a short time, the residual hydroxide settled quickly and the finer particles from the chlorinated layer settled slowly. The fine particles in suspension were then poured off from the deposited residue. The residue was again shaken up with a saturated aqueous solution of crystalline calcium hydroxide until complete separation had been effected. It is possible that the solubility of crystalline calcium hydroxide might be decreased by the dissolution of OCl and Cl ions; if so some hydroxide would be precipitated, during the extraction, from the solution used to effect dissolution of the chlorinated layer, but as such a precipitate would consist of extremely small crystals, it would be collected with the hydroxide formed from the decomposition of the birefringent layer, and therefore would not introduce any error.
A saturated aqueous solution of crystalline calcium hydroxide was used for the separation in order to avoid dissolution of the cores of crystalline calcium hydroxide. Some of the fine particles of hydroxide from decom position of the layer may dissolve owing to the greater solubility of the smaller particles, and this will help in the separation.* Finally, from the analysis of the suspension, with a knowledge of the amount of lime in the initial solution used for the separation, it is possible to determine the composition of the crystalline layer excluding water of crystallization.
Data Obtained from Examination o f the Chlorinated Layer on Large
Crystals o f Calcium Hydroxide-The analytical methods used were those usual in the chemical examination of bleaching powder, but were adapted to deal with the small quantities of hypochlorite, chloride, hydroxide, and calcium involved. The possibility of appreciable error in the ratio of chloride to hypochlorite is not great since both of these are completely * It has been shown in this laboratory that large crystals of calcium hydroxide are less soluble in water than calcium hydroxide prepared by slaking finely divided lime; X-ray examination demonstrates that this difference is due to particle size, since the spectra of the calcium hydroxides prepared by these methods are the same. Cf. Bassett, ' J. Chem. Soc., ' p. 1270 (1934). dissolved during the separation and are easily determined with considerable accuracy. A small error in the calcium hydroxide content was to be expected owing to the difficulties of separation, but the results were far more divergent than could reasonably be accounted for by experimental error. This is shown by examination of a summary of the data obtained, which are set out in Table V. The results in Table V are expressed as the weight of the products obtained by chlorination of 2-3 gm of calcium hydroxide. The calcium hydroxide figures represent the material produced during the extraction of the chlorinated layer, and exclude the unreacted calcium hydroxide, and the hydroxide in solution in the extracting liquor.
It is concluded from these figures that the composition of the layer varies considerably. Chloride always predominates over hypochlorite, indicating that decomposition has taken place, since these ions must initially be present in equivalent proportions. Since the layer appears microscopically to be a single crystalline phase, mixed crystal formation is indicated with a very wide range of the constituents calcium chloride, hypochlorite, and hydroxide. It does not follow that because optical methods indicate that the layer is a mixed crystal that the layer is in fact of this character. It is possible to simulate the appearance of mixed crystal formation provided that the unit crystals present are sufficiently small and are correctly oriented. It may be remarked that a complex of submicroscopic crystals of CaCl2 . Ca(OH)2 . H aO (refractive indices to 1 ♦ 634, s 1 • 637) and a hypochlorite phase like that in bleaching powder (refractive indices < * > 1 • 54, e 1 • 67), with all the crystals of the latter parallel to the Ca(OH)2 crystal, might have refractive indices near those of the layer (co 1 -62, e 1 *67); such a complex would only be a true mixed crystal if the units were of the order of size of molecules.
It is also clear from the results that if indeed the phase be a true mixed crystal, the range of mixed crystal formation is very wide, much wider, in fact, than the range of solid solutions in either of the two phases in bleaching powder which have been discussed above.
An interesting and important feature of the birefringent crystalline layer is that it is a parallel growth on the original calcium hydroxide crystal, indicating that the structure of the chlorinated phase must be related to that of calcium hydroxide. (1) and (2), as well as calcium chloride and its hydrates.* The identification of phases by powder photographs is usually simply a matter of comparison of the spectra of unknown substances with those of known standard substances, no interpretation of the photographs being required. But the opportunity has been taken to analyse the photographs where possible, that is to say, those of crystals belonging to the hexagonal and tetragonal systems. The photographs of tetragonal and hexagonal crystals not previously studied or described in the literature, have been analysed by Hull and Davey's m ethod,f using large-scale charts con structed for the purpose. Corrections in unit cell dimensions, necessitated by thickness of specimens, absorption, etc., were made by Bradley and Jay's method. $ Calcium hydroxide is included since more accurate data than those previously published have now been obtained, and since it is the parent compound from which the remainder are derived. Powder photographs of crystals which have a lower symmetry than tetragonal or hexagonal usually cannot be analysed, and no attempt has been made to do so for such crystals encountered in the present work. The following notes are given as a result of these studies.
(a) Ca(OH)2-The hexagonal structure of calcium hydroxide is well known. By application of Bradley and Jay's method, the following values for the lattice constants have been calculated:-a0 = 3-5844 ± 0-0003 A, c0 = 4-8962 ± 0-0007 A, c0/a0 = 1-3660 ± 0-0002.
(b) Ca(OCl)2 . 2Ca(OH)2-This compound has an hexagonal structure with a0 6-305 A, c0 6-535 A, and c0/a0 1-036. These values were calculated from measurements of reflections at large angles, 0 = 60-80°. The density is approximately 2-10. The number of molecules per unit cell is 0-985 ^ 1. Preliminary consideration of the intensities of some of the reflections indicate that the compound has a layer structure similar to that of calcium hydroxide. In this substance, calcium atoms are arranged in hexagonal formation in planes, with a sheet of OH groups on either side of the sheet of calcium atoms. If in three unit cells of calcium hydroxide containing 6 OH groups, two of the OH groups are replaced by OC1 groups with the axes of the OC1 groups parallel to the hexagonal axis, a unit cell of the compound Ca(OCl)2 . 2Ca(OH)2 is obtained. The calcium atoms in each sheet are slightly further apart than in calcium hydroxide-3-641 A, compared with 3-584 A-while the sheets of Ca atoms are much further apart than in calcium hydroxide owing to the presence of the large OC1 groups, the distance being 6-535 A, as com pared with 4-896 A in calcium hydroxide. As would be expected from consideration of this structure, most of the reflections can be accounted for by a unit cell with base 3-641, height 6-535; the fewjemaining weak reflections require a larger unit cell, with base 6-305 (V3 x 3-641), and height 6-535 A.
Since this structure is based only on preliminary calculations, details will not be given; it is mentioned here on account of the apparent close relation between Ca(OCl)2 . 2Ca(OH)2 and Ca(OH)2.
(c) Ca(OCl)2 . 3HaO-The crystals of this compound are tetragonal in symmetry, with a large unit cell, a0 12-04 A, c0 8-65 A, c0/a0 0-718. The density is approximately 2-1. The number of molecules per unit cell is 8*12 -8.
(d) Ca(OCl)2 Anhydrous-The photographs of commercial calcium hypochlorite do not contain many lines, and some of these are the principal lines of the compound CaCl2 . Ca(OH)2 . H aO, which is therefore present as impurity. The remaining lines are rather diffuse; this is not due to smallness of particles, since the particles are large enough to be seen under the microscope. The lack of definition is probably due, therefore, to slight variation of unit cell dimensions in different particles. This lends support to the suggestion derived from microscopic observa tions that there is mixed crystal formation. There is no microscopic evidence as to the crystal symmetry, and a completely satisfactory inter pretation of the photographs on the basis of hexagonal and tetragonal cells has not yet been achieved.
Data Obtained from X-ray Spectra Obtained During the Formation o f
Bleaching Powder-In order to explore the value of X-ray technique in studying the structure of bleaching powder, two series of specimens, varying in available chlorine content from 19 to 45 -4% have been prepared by the methods described in § III of this paper. The powder spectra of these materials have been photographed. The resulting range of photo graphs of the spectra of various stages in the chlorination of calcium hydroxide is set out in fig. 3 , Plate 3. The corresponding analyses of the products are given in Table VI. Comparison of these spectra with those of the reference compounds demonstrates that the first reaction which occurs is the formation of the fig. 3 , Nos. 1 and 2, give photographs which consist of the superimposed spectra of these two substances together with that of calcium hydroxide. As chlorination proceeds, the spectrum of calcium hydroxide fades out first, Nos. 3 and 6; then that of the basic calcium hypochlorite disappears and is replaced by a new spectrum. The spectrum due to the basic calcium chloride is, however, extremely persistent. When the available chlorine in the sample reaches about 30%, the phases present are CaCl2 . Ca(OH)2 . H aO, Ca(OCl)2 . 2Ca(OH)2, and a new unknown phase. When the available chlorine content reaches 35-37%, which is the average for commercial bleaching powder, the basic chloride, CaCl2 . Ca(OH)2, H sO, is still present in large quantities, while the basic hypochlorite, Ca(OCl)2. 2Ca(OH)2, has disappeared and has been replaced by the unknown phase (Nos. 3, 4, 5, 7) . The spectrum of this unknown phase is not constant, but changes from sample to sample; the unknown spectrum also varies in every different type of commercial bleaching powder examined.
When the available chlorine content rises above 40%, the spectrum of CaCl2. Ca(OH)2. H sO fades, but never completely disappears. It is still fairly strong in a sample containing 45-4% of available chlorine and 4-4% of calcium hydroxide. The former is the highest value which has been obtained in the present research. 4-4% of calcium hydroxide represents 12% of the basic chloride CaCl2 . Ca(OH)2, H 20, assuming that the whole of the hydroxide is present in this combination. With the fading of basic chloride spectrum, the spectrum of calcium chloride tetrahydrate appears and grows in strength (Nos. 9, 11).
In the more highly chlorinated samples, the unknown spectrum con tinues to grow in strength, and to change, as the content of available chlorine increases.
Although all the spectra are different from each other, they show some general similarity; the two strongest lines are usually in roughly the same positions. The unknown spectra in bleaching powder samples appear to be related to those of these impure hypochlorites, and this suggests that there is a mixed crystal range, the main constituent in which is calcium hypochlorite, since it has been demonstrated in § III (2) that the probable calcium hypochlorite content of these products is 80-90%. To confirm the suspicion of a mixed crystal range, it is necessary to find a unit cell which, with slight modifications in dimensions for each spectrum, will account for all the reflections in each spectrum. Since the unit cells of the impure hypochlorites have not yet been determined with certainty, this has not yet been accomplished.
One further point must be mentioned. In the photographs of the wetter bleaching powders the background intensity is high compared with the intensities of the lines, a phenomenon indicative of the presence of amorphous material. This may be simply an aqueous solution, or a solid amorphous phase, or a mixture of the two. The first alternative seems most likely, for the following reason. In the photographs of the drier bleaching powders, the background intensity is not sufficiently strong to suggest the presence of amorphous material. Now if in the formation of bleaching powder there were a tendency to form a solid amorphous phase, it would be more likely to happen in absence of water than in presence of it, since the presence of water encourages crystalliza tion ; and yet it is in the specimens where most solid amorphous material would be expected on the above grounds that the background intensity is least. Thus, it is considered that the high background intensity given by the wetter samples is most probably due to aqueous solution. We should thus prefer to ascribe the gelatinous nature of certain moist specimens of bleaching powder (p. 153) to a diphasic structure composed of aqueous solution and fine crystals.
IV-D iscussion
The conclusions derived from the X-ray powder photographs are in >entire agreement with those drawn from microscopic observations, and on some points give greater certainty than could ever be attained by microscopic observations alone.
The apparently isotropic phase was suspected, on account of its refractive index, to contain the basic chloride CaCl2 . Ca(OH)2 . H 20 ; the X-ray photographs show beyond doubt that this compound is always present. In dry bleaching powder the isotropic phase evidently consists almost entirely of this substance. In damp samples the low refractive index of the isotropic phase indicates that it is a complex of very minute crystals of this substance and aqueous solution. In partly formed bleaching powders, calcium hydroxide is also present in these particles. When chlorination is carried to a point where the material contains more than 37% of available chlorine, and water formed in the reaction is allowed to remain, both microscopic and X-ray methods show the presence of hydrated calcium chloride; in accordance with this, these samples are deliquescent. Even in the most highly chlorinated samples, however, there is always some basic chloride; the strength of its spectrum indicates that it must account for all or most of the residual calcium hydroxide.
The strongly birefringent phase in partly chlorinated bleaching powder is the basic hypochlorite, Ca(OCl)2 . 2Ca(OH)2; microscopic and X-ray evidence place this beyond doubt. Further chlorination converts this into a more strongly birefringent phase, which is shown by variation of refractive indices and variation of X-ray powder spectrum to be a mixed crystal range. The constitution of these mixed crystals cannot be given precisely, but it is certain that the main constituent is calcium hypo chlorite, for the following reasons.
(1) Hypochlorite and chloride are present in bleaching powder in roughly equivalent quantities; since a chloride phase is always present, apparently in large quantities judging from the strength of the spectra, the other (birefringent) phase must contain a corresponding excess of hypochlorite.
(2) The X-ray powder spectra of the strongly birefringent phase appear to be related to those of the impure commercial specimens of calcium hypochlorite containing 80-90% of that salt.
(3) The refractive indices of the strongly birefringent crystals in finished bleaching powder are about the same as those of 80-90% calcium hypochlorite. It must be emphasized that birefringence is a good index of hypochlorite content, since the OC1 group is the only strongly birefringent group known to be present. Note, for instance, that in the four compounds Ca(OCl)2 . 2Ca(OH)2, 3Ca(OCl)2 . 2Ca(OH)2. 2HaO, Ca(OCl)2 . 3H20 and impure (80-90%) Ca(OCl)2, the birefringence is respectively 0-073, 0-09, 0-095, and 0-12-0-145, increasing with increasing hypochlorite content. The birefringence of the crystals in bleaching powder is usually about 0-13; hence they probably contain about 80-90% Ca(OCl)2.
The nature of the other constituent in the mixed crystal is unknown; it may be calcium hydroxide, calcium chloride, or water, or all of these. It may be remarked that OC1 ions are more likely to be replaced by OH ions than by chlorine ions, since both OC1 and OH ions are diatomic and strongly polar. That these two ions can accommodate themselves in similar surroundings is shown by the fact that the structure of Ca(OCl)2. 2Ca(OH)2 is simply that of Ca(OH)2 with some of the OH groups replaced by OC1 groups. Another fact pointing in the same direction is that in the chlorination of large crystals of Ca(OH)2, the chlorinated phase forms a parallel growth on the Ca(OH)2 crystals, showing that there is some structural relationship. Finally, it is perhaps worth mentioning that the powder photographs of 3Ca(OCl)2 . 2Ca(OH)2 . 2HaO and Ca(OCl)2 . 2Ca(OH)2 have predominant lines in about the same positions as those of the strongly birefringent crystals in bleaching powder and of the impure commercial hypochlorites, while the pattern of Ca(OCl)2 . 3HaO stands apart from all these; this fact, however, although it might be due to a structural relationship between the basic hypochlorites and the crystals in bleaching powder, may be merely a consequence of the occurrence of similar interatomic distances in all these crystals.
Consideration of the analyses of the commercial calcium hypochlorites supports the view that, in these substances at any rate, calcium hydroxide is associated with calcium hypochlorite as mixed crystal. The powder photographs of these substances show that the basic chloride CaCl2. Ca(OH)2. H aO, in which calcium chloride and calcium hydroxide are present in equivalent amounts, is present; yet analysis shows that calcium hydroxide is considerably in excess of calcium chloride. If we assume that all the calcium chloride is present as CaCl2. Ca(OH)2 . H aO, there remains 4-5% calcium hydroxide; since there appears to be no calcium hydroxide present as such, it may be associated with the calcium hypo chlorite as mixed crystal.
The analysis of commercial bleaching powder indicates that there is usually insufficient calcium hydroxide to combine with the whole of the calcium chloride present to give the basic chloride CaCl2 . Ca(OH)2 . H 20.
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There must therefore be some calcium chloride either as the anhydrous salt or as one of the lower hydrates. The X-ray powder photographs of many normal samples of bleaching powder do not show lines belonging to conlpounds in the calcium chloride-water system. On the other hand, the spectra of pure samples of the lower hydrates of calcium chloride, cf. fig. 2 , are weak, presumably owing to their low symmetry and the imperfections of the crystals. This would necessitate the presence of considerable amounts of the hydrates in a mixture before the spectra would become apparent. On the other hand, there is no evidence that the absence of spectra belonging to the calcium chloride hydrates is not due to the presence of calcium chloride in the mixed crystal range, of which calcium hypochlorite is the major constituent.
On the whole, it seems likely that the strongly birefringent crystals in bleaching powder contain varying amounts of hydroxyl groups, replacing some of the hypochlorite groups; and in addition some Chloride ions may be present. It is impossible to say whether water of crystallization is also present. It is believed that the constitution of the hypochlorite phase is dependent on the conditions under which it is prepared.
The substances discussed in the previous sections are the only crystalline phases which can be detected in bleaching powder. The question as to whether there is amorphous material present has already been discussed. It is probable that there is no solid amorphous phase; the strong back ground in X-ray photographs of damp samples is probably due to aqueous solution.
The " form ulae" <for bleaching powder put forward by Odling,* Neum ann,t and others are thus shown to be unnecessary, owing to the existence of two distinct phases, one being the basic chloride and the other a mixed crystal containing chiefly calcium hypochlorite. The vapour pressures of " hydrates of bleaching powder " determined by Neumann should be considered as the effective vapour pressure of the mixture of salts and hydrates present in the samples of bleaching powder under investigation.
The fact that commercial bleaching powder containing up to 36% available chlorine is fairly stable and not deliquescent was one of the principal reasons which led Odling to suggest the existence of the com pound Ca(OCl)Cl. The non-deliquescent nature of bleaching powder is now shown to be due to the fact that the bulk of the chloride present is fixed as the basic chloride CaCl2 . Ca(OH)2. H aO. The presence of this basic chloride, which appears to be a very stable substance, accounts for the difficulty in introducing more than 36% of available chlorine into bleaching powder. The stability of CaCl2 . Ca(OH)2. H aO crystals may perhaps be due to the close packing of atoms indicated by the high refractive indices and high density of these crystals.
Winteler's unproved contention* that the free lime in bleaching powder is present as a basic chloride is thus confirmed. The " protection theory " of Bolleyf to account for the " residual " calcium hydroxide is no longer necessary.
The authors are indebted to the Directors of Imperial Chemical Industries, Limited, for permission to publish this work, which was carried out in the Research Department of their Subsidiary Company, I.C.I. (Alkali), Limited.
V -Summary
The constitution and formation of " bleaching powder " have been studied by microscopic and X-ray methods.
By phase equilibrium studies, specimens of all substances existing stably in the system CaO-CaCl2-Ca(OCl)2-H aO between 25° and 40° C have been prepared. Other substances likely to be encountered in bleaching powder have also been prepared. The refractive indices and other properties of these crystals have been determined, and X-ray powder photographs have been taken. Samples taken at intervals during the reaction of chlorine gas with calcium hydroxide have been examined by the same methods. It has been established that the first stage in the reaction is the formation of the basic hypochlorite Ca(OCl)2 . 2Ca(OH)2 and the basic chloride CaCl2. Ca(OH)2. H sO. On further chlorination, the former is converted into another substance which appears to be a mixed crystal whose chief constituent is calcium hypochlorite.
Ordinary bleaching powder containing about 35% available chlorine is a mixture of this hypochlorite mixed crystal with the basic chloride CaCl2 . Ca(OH)2. H aO.
On further chlorination, the basic chloride is partly, but never com pletely, converted into hydrated calcium chloride (usually the tetrahydrate CaCl2 . 4HaO), while the hypochlorite mixed crystal persists, with
